Multisensory interactions occur early in time and
Introduction
Detecting and integrating information across the senses is an advantageous mechanism for reducing perceptual ambiguity (MacLeod and Summerfield, 1990 ) and enhancing stimulus detection/localization (Stein and Meredith, 1993) . The neural mechanisms subtending multisensory integration have traditionally been ascribed to higher-order brain areas and to occur late in sensory processing (Jones and Powell, 1970) . Recent findings challenge this view, showing multisensory effects within lowlevel cortices and at early latencies (Ghazanfar and Schroeder, 2006) . Studies in nonhuman primates show multisensory effects within primary and adjacent auditory cortices (Ghazanfar et al., 2005; Kayser et al., 2005 Kayser et al., , 2007 Schroeder and Foxe 2005; Lakatos et al., 2007) . In humans, supra-additive nonlinear responses to multisensory stimuli occur within 100ms poststimulus onset (Giard and Peronnet, 1999; Foxe et al., 2000) and within primary (Martuzzi et al., 2007) or near-primary cortices Murray et al., 2005) . These and similar studies indicate that neural processing in low-level cortices can be modulated by interactions between the senses at specific, early poststimulus time periods.
When characterizing the neural mechanisms mediating these early multisensory effects, it is important to consider their timing and origin. For example, it is important to consider whether multisensory interactions coincide with the initial feedforward inputs in an area or with later feedback activity. The early onset of cortical responses in humans to auditory (15-20 ms peak latency) (Liegeois-Chauvel et al., 1994) relative to visual stimulation (60 -90 ms peak latency) (Martinez et al., 1999) makes it conceivable that auditory processes can impact feedforward visual processes within nominally visual cortices (Schroeder et al., 2004) . This notion receives anatomical support from the demonstration in monkeys of direct, monosynaptic projections from primary and adjacent auditory cortices to early visual cortex (V1/V2) (Falchier et al., 2002; Rockland and Ojima, 2003) . In additional support, there is evidence of auditory-driven responses at 48 ms within inferior parietal cortex of humans (Schroeder et al., 2004) that represent a potential basis for modulation of early sensory processing within visual cortex. Given this framework, auditory inputs are particularly well poised to impact visual processing not only at the lowest cortical levels but potentially at poststimulus latencies as short as 20 ms.
The present study investigated mechanisms of auditory-visual integration within the visual cortex through the application of single-pulse transcranial magnetic stimulation (TMS) over the occipital pole and at variable poststimulus delays (30 -150 ms) while participants performed a simple detection task involving unisensory (auditory or visual) or multisensory (auditory-visual) external stimuli. In this way, we evaluated both the qualitative consequence of TMS and its temporal dynamics separately for each stimulus condition, revealing critical intervals for auditory integration within visual areas. We show that occipital TMS has opposing effects on visual and auditory stimulus detection over identical time periods. In a follow-up experiment, we further demonstrate that external auditory stimuli enhance visual cortex excitability as measured by phosphene induction via TMS (Silvanto et al., 2006; Bestmann et al., 2007; Ramos-Estebanez et al., 2007) .
Materials and Methods
Participants. Fifteen neurologically normal volunteers participated in the study (four woman; mean age, 29.4 years; range, 25-40 years). All subjects had normal hearing and normal or corrected-to-normal vision. All participants gave written informed consent to the study approved by the Ethical Committee of the Geneva University Hospital. Seven of these participants also took part in the follow-up experiment.
TMS apparatus. A 70 mm figure-eight coil (maximum field strength, 2.2 T) and a Magstim Rapid 2 Transcranial Magnetic Stimulator were used (Magstim Company, Spring Gardens, UK). In both experiments of this study, the coil was placed over the occipital pole centered 3 cm above the inion with the handle pointing upward. The midline position and orientation of the coil ensured that we were stimulating the central representation and both hemispheres equally. External stimulus presentation, TMS pulse delivery, and behavioral response collection were controlled by E-prime (E-Prime 1.1; Psychology Software Tools, Pittsburgh, PA).
Main experiment: stimuli and task. Task-relevant sensory events consisted of auditory (A), visual (V), or simultaneous auditory-visual (AV) multisensory stimuli. The visual stimulus was a white disc presented on a gray background subtending 1.2°in diameter and was positioned at 3°v ertically below the central fixation cross on a CRT computer monitor (75 cm viewing distance). The auditory stimulus was a 900 Hz pure tone [75 dB sound pressure level (SPL) at the ear; 44,100 kHz sampling rate] presented through two loudspeakers located on each side of the computer monitor and in horizontal alignment with the visual stimulus. Being delivered through a pair of speakers, the tone was perceived at the midline and thus colocalized with the visual stimulus. We opted to use a pure tone stimulus because previous research has shown that core (i.e., primary) auditory cortices respond best to pure tones, whereas belt (i.e., nonprimary) cortices respond best to complex tones and white noise bursts (Rauschecker et al., 1997) .
Stimuli were presented for 14 ms duration either alone (A or V) or simultaneously (AV) as multisensory pairs with equal probability across these three stimulus conditions. The intertrial interval was varied pseudorandomly from 3000 to 5000 ms in steps of 500 ms to avoid anticipation of the stimulus onsets. Participants were instructed to make a button press with their right index finger as quickly as possible after stimulus detection, while maintaining central fixation. In this way, attention was continuously allocated to both sensory modalities. Subjects were seated in a comfortable chair in a dimly lit room.
External stimuli were paired with the delivery of a single TMS pulse centered over the occipital pole or to a control site (vertex in accordance with the standard electrode position Cz) at nine different time-delays relative to stimulus onset (30 -150 ms, in steps of 15 ms). TMS was applied at a fixed intensity (70% of maximum stimulator output). Trials including TMS were randomly intermixed with trials excluding TMS to have a baseline measure of performance. Reaction times in the absence of TMS pulses (baseline trials) did not differ as a function of experimental blocks that varied whether TMS was applied to the occipital pole (target site) or vertex (control site) (V, t (14) ϭ Ϫ0.99, p ϭ 0.34; A, t (14) ϭ Ϫ0.65, p ϭ 0.53; AV, t (14) ϭ Ϫ0.04, p ϭ 0.97). There was a total of 450 trials per stimulation site (occipital vs vertex) resulting in 15 repetitions per stimulus condition (three external stimulus conditions by 10 TMS delays, including the no-TMS baseline). Each subject completed 18 blocks of trials (nine per TMS stimulation site), with each block lasting ϳ3 min. Blocks involving occipital and vertex TMS stimulation were alternated within subjects, and block order was counterbalanced across subjects. We chose to alternate occipital and vertex TMS blocks, rather than presenting occipital and vertex TMS in succession, to minimize the risk of within-subject differences in baseline performance between test and control stimulation because of fatigue. Breaks were encouraged between blocks to maintain high concentration and minimize fatigue.
Postexperimental session: phosphene determination and perceptual training. After the above experimental session, all participants were asked whether they had perceived visual sensations other than the presented white disc during the experiment. TMS over the occipital pole can induce illusory visual percepts (called phosphenes) if applied at sufficiently high intensities (Meyer et al. 1991; Cowey and Walsh, 2000) , but often requires several perceptual training sessions (Kammer et al., 2005b; Ramos-Estebanez et al., 2007) . None of participants reported having seen phosphenes or any other illusory visual sensations, except one.
Subsequently, all participants underwent a training session to evaluate whether TMS could induce phosphenes at the experimental stimulation site and for quantification of individual phosphene threshold (PT), if applicable. Four of the 15 subjects perceived phosphenes during this training session in which they had their eyes closed and if stimulated below the intensity used in the experimental session (PTs, mean, 59.8%; range, 58 -62% of maximum stimulator output). Six subjects were only able to perceive a phosphene with their eyes closed when stimulated at higher intensities (PTs, mean, 76%; range, 71-90%). The remaining five participants did not see any phosphenes or other illusory visual sensations throughout the training session at any TMS intensity.
Follow-up experiment. To further address the issue of multisensory interactions in early visual areas, we tested for auditory-induced modulation of visual cortex excitability by using phosphene perception as a probe measure of cortical excitability, similar to previous studies (Silvanto et al., 2006; Bestmann et al., 2007; Ramos-Estebanez et al., 2007) . We retested those subjects who perceived phosphenes and were available to take part in additional sessions (n ϭ 6) and one participant who initially did not perceive phosphenes but agreed to undergo additional training after which he also reliably perceived a phosphene (total n ϭ 7).
Subjects were blindfolded and TMS was applied over the occipital pole at constant subthreshold TMS intensity (85% of individually defined PTs). We quantified the frequency of phosphene perception as a function of TMS delay with respect to auditory stimulus onset. We also applied TMS alone to establish a baseline frequency at which phosphenes were perceived. These trials were randomly intermixed with the auditory stimulus-TMS pairings. Auditory stimulation was identical to the previous experimental session, as were the TMS site, the delays between auditory stimulus onset and TMS (i.e., 30 -150 ms, in steps of 15 ms) and the intertrial intervals. Fifteen trials were assessed per subject and condition. Participants were instructed to make a button-press with their right index finger whenever phosphenes were perceived and with the right middle finger whenever no phosphenes were perceived. All participants (n ϭ 7 ) reliably perceived phosphenes with TMS above phosphene threshold.
Control experiment. In the main and follow-up experiment, we presented auditory stimuli at an intensity level (75 dB) well below those inducing a startle response. However, to further rule out the possibility that changes in cortical excitability in response to auditory stimulation may be caused by a startle reflex (possibly associated with widespread cortical activation), we looked for acoustic startle responses to the 900 Hz pure tone (14 ms duration, 44,100 kHz sampling rate) at the intensity used during the previous experiments (75 dB) as well as three other intensities (65, 85, and 95 dB SPL at the ear).
Six subjects (four having participated in the main and follow-up experiment and two new subjects) were asked to fixate a central cross on a gray CRT computer screen while the auditory stimulus was presented randomly at varying intensities through the two loudspeakers (30 trials per intensity). The intertrial interval varied randomly between 5 and 9 s. All other aspects of the experimental setting were identical to the main and follow-up experiments, including monitor and loudspeaker placements relative to the subject (75 cm distance). The startle response was measured by recording the eyeblink reflex (Blumenthal et al., 2005) . For this purpose, we recorded electromyographic (EMG) activity of the orbicularis oculi muscle bipolarly from two electrodes beneath the right eye (van Boxtel et al., 1998; Blumenthal et al., 2005) . Electrode impedance was kept below 10 kOhm. EMG activity was recorded at a sampling rate of 5000 Hz (Brainamp MR system; BrainProducts, München, Germany).
Data analyses. Trials with RTs faster than 100 ms and the 5% of trials with slowest RTs were not considered in the analysis to exclude outliers associated with stimulus anticipation and lack of attention, respectively. The fixed lower cutoff was chosen in accordance with previous studies using simple reaction time paradigms (Iacoboni and Zaidel, 1995; Jeeves and Moes, 1996; Marzi et al., 1998) . As the cutoff for the upper outliers was more variable across previous studies, we used a percentile criterion for its definition (Clark-Carter, 1997) . To verify that multisensory stimulus presentation facilitated reaction times relative to either unisensory condition, baseline data (i.e., in the absence of TMS and from all 18 blocks of trials) were submitted to a repeated-measure ANOVA using stimulus condition (A, V, AV) as the within-subject factor. Faster reaction times to the multisensory condition would be evidence of a redundant signals effect. Moreover, we performed an analysis using Miller's race-model inequality (Miller, 1982) , which assesses whether reaction time facilitation exceeds predictions of probability summation and provides a psychophysical benchmark for invoking the occurrence of neural response interactions. Details of this analysis can be found in previously published studies by our group (Murray et al., 2005; Zampini et al., 2007) . Briefly, Miller's inequality contrasts the probability of an RT of a given speed under multisensory conditions with the sum of the probabilities of an equally fast RT under unisensory conditions (minus the joint probability of this occurrence). Our group and others have consistently demonstrated such facilitation in excess of probability summation under highly similar experimental conditions (Molholm et al., 2002; Martuzzi et al., 2007) , indicating that the redundant signals effect most likely results from neural response interactions.
To parcel out any unspecific effect of TMS that could contaminate response times (for instance because of the TMS-clicks), we calculated a relative RT measure by subtracting mean RTs between occipital and vertex stimulation (RT occipital minus RT vertex) for each condition and TMS delay (as well as the no-TMS trials), separately. These values were submitted to a repeated-measure ANOVA with the within-subject factors of stimulus condition (A, V, AV) and TMS-delay (noTMS, 30, 45, 60, 75, 90, 105, 120, 135, and 150 ms). Where appropriate, post hoc comparisons were performed, consisting of simple tests across conditions per TMS-delay (to explore the significant condition by TMS-delay interaction), as well as one-sample t tests against zero and paired t tests (to evaluate for a given TMS delay the effect of occipital TMS relative to control/vertex stimulation and relative to noTMS/ baseline; within-condition comparisons).
For the follow-up experiment, the percentage of trials on which phosphenes were perceived were submitted to a repeated-measure ANOVA using TMS-delay as the within-subject factor (noTMS, 30, 45, 60, 75, 90, 105, 120, 135 and 150 ms). When appropriate, ANOVA results were completed by t tests.
Offline EMG signal processing in the control experiment consisted of bandpass filtering (20 -500 Hz) (van Boxtel et al., 1998) , rectifying of the signal (Blumenthal et al., 2005) and integration of the EMG activity from Ϫ100 to 0 ms before the auditory stimulus (to obtain baseline values) and from ϩ20 to 120 ms after the stimulus (area under curve) where eyeblink activity was maximal. Data were then subjected to a repeated-measure ANOVA with the factor sound-intensity (baseline, 65, 75, 85, 95 dB), followed by post hoc paired t tests where appropriate.
Results
Mean RTs to A, V, and AV multisensory stimuli in the absence of any TMS pulse (i.e., baseline, no TMS) are shown in Figure 1a . A repeated measures ANOVA revealed a significant main effect of stimulus condition (F (2,28) ϭ 38.8; p Ͻ 0.00001). Follow-up contrasts confirmed that this effect was attributable to the facilitation of RTs in the multisensory (223.8 Ϯ 7.2 ms, mean Ϯ SEM) versus either visual (278.1 Ϯ 8.2 ms; t (14) ϭ 8.4; p Ͻ 0.00001) or auditory (245.0 Ϯ 9.4; t (14) ϭ 5.4; p Ͻ 0.0001) conditions. Reaction times to auditory and visual unisensory stimuli also differed (t (14) ϭ 4.5; p Ͻ 0.001). Additionally, there was violation of the race model inequality over the fastest 40% of the RT distribution (Fig.  1b,c) . This violation is indicative of a redundant signals effect exceeding predictions based on simple probability summation and suggests that neural response interactions are occurring before motor response initiation. These findings thus replicate previously observed effects (Raab, 1962; Miller, 1982; Schröger and Widmann, 1998; Molholm et al., 2002; Martuzzi et al., 2007) . For each participant, we then calculated the RT difference between the auditory unisensory condition (which was on average the faster unisensory condition) and the multisensory condition, to have a metric of the RT benefit from multisensory stimulation in the absence of TMS. On average, the multisensory condition produced an RT facilitation of 21.3 Ϯ 4.1 ms, which is approximately equivalent to that obtained by Martuzzi et al. (2007) .
RT differences between occipital and control (vertex) TMS stimulation for each of the nine TMS pulse delays and the three external stimulus conditions (A, V, AV) are shown in Figure 2 . In addition, baseline values are shown from trials on which no TMS was applied. Visual inspection of these plots suggests that occipital TMS had differential effects on RTs as a function of the sensory modality stimulated and TMS-pulse delay. Specifically, RTs to visual stimuli were impaired at within 60 -75 ms TMS-pulse delay (Fig. 2 , black line), in keeping with previous studies demonstrating a visual "suppression" effect (Amassian et al., 1989; Beckers and Hömberg, 1991; Masur et al. 1993; Corthout et al., 1999; Kastner et al., 1998 , Kammer et al., 2005a , whereas those to auditory stimuli were facilitated at the same delays (Fig. 2, gray  line) . No noticeable effect on multisensory stimulus processing was evident (Fig. 2, dotted line) . To statistically assess these observations, these values were submitted to a repeated measures ANOVA, using TMS delay (including baseline) and stimulus condition as within-subjects factors. There was a significant interaction between these factors (F (18,252) ϭ 2.6; p ϭ 0.0006). Separate ANOVAs were then conducted for each delay to further explore this interaction. Main effects of stimulus condition were only observed at delays of 60 ms (F (2,28) ϭ 14.3; p ϭ 0.00005) and 75 ms (F (2,28) ϭ 11.8; p ϭ 0.0002), suggesting differential effects of TMS at these delays. Additional post hoc tests at these delays showed that the RT benefit and cost induced by occipital TMS in the A and V conditions, respectively, are significant (relative to control/vertex TMS; one-sample t tests against zero) at 60 ms (A, t (14) ϭ Ϫ4.5, p ϭ 0.0005; V, t (14) ϭ 3.9, p ϭ 0.002) and 75 ms (A, t (14) ϭ Ϫ6.2, p ϭ 0.00002; V, t (14) ϭ 3.3, p ϭ 0.006). In addition, RT benefits and costs were also significantly different from their respective baseline values (paired t tests against noTMS) both for the 60 ms (A, t (14) ϭ Ϫ3.0, p ϭ 0.009; V, t (14) ϭ 2.6, p ϭ 0.02) and 75 ms delay (A, t (14) ϭ Ϫ3.1, p ϭ 0.008; V, t (14) ϭ Ϫ3.6, p ϭ 0.003). No such effects were observed for the AV-condition (all p Ͼ 0.23). These within-condition comparisons thus substantiate that occipital TMS facilitated RT to auditory stimuli and slowed RT to visual stimuli at specific TMS delays. Critically, these RT benefits to auditory stimuli caused by occipital TMS were observed after normalization to RTs to auditory stimuli under control TMS (⌬ A-occipital minus A-vertex), and can thus be interpreted to result from auditory-"visual" interactions because of stimulus-evoked auditory and TMS-induced visual cortex stimulation. This overall pattern of results indicates that there is a period (Fig. 2, gray box) during which the behavioral consequences of occipital TMS depend on the sensory modality of external inputs.
An additional analysis tested whether the magnitude of the redundant signals effect obtained for multisensory stimulation in the absence of TMS (i.e., Ϫ21.3 Ϯ 4.1 ms) differed from the RT facilitation observed for the combination of auditory stimuli and occipital TMS (mean RT facilitation across the 60ms and 75ms TMS delays used for analysis). No difference was observed (Ϫ16.8 Ϯ 2.9 ms; t (14) ϭ Ϫ1.5; p ϭ 0.14). The RT facilitation for detecting auditory stimuli that was induced by occipital TMS thus matched the RT facilitation obtained with pure external AV stimulation. We then tested whether the magnitude of these facilitation effects correlated across subjects. There was a significant correlation between the extent of RT facilitation after multisensory stimulation and the extent of RT facilitation following from the combination of occipital TMS and auditory stimuli (Pearson correlation: r (13) ϭ 0.68; p ϭ 0.005; Spearman rank order correlation: r (13) ϭ 0.62, p ϭ 0.01) (Figure 3 ). No such correlation was observed between the extent of RT facilitation after multisensory stimulation and the extent of RT impairment following from the combination of occipital TMS and visual stimuli. The above pattern of effects did not change when the four subjects with strongest visual cortex excitability who showed the lowest phosphene threshold (below the TMS output intensity) were excluded from the analysis (interaction term F (18,180) ϭ 1.7; p Ͻ 0.05). The ANOVAs conducted separately for each delay remained significant for both the 60 ms (main effect of stimulus condition, F (2,20) ϭ 8.9; p ϭ 0.002), and 75 ms delays (F (2,20) ϭ 10.2; p ϭ 0.0009). The post hoc t tests showed a significant auditory RT benefit and visual RT cost at 60 ms (A, t (10) ϭ Ϫ4.0, p ϭ 0.003; V, t (10) ϭ 2.6, p ϭ 0.02) and 75ms-delay (A, t (10) ϭ Ϫ4.5, p ϭ 0.001; V, t (10) ϭ 3.9, p ϭ 0.003). Finally, the correlation between the extent of RT facilitation after multisensory stimulation and the extent of RT facilitation following from the combination of occipital TMS and auditory stimuli also remained significant (Pearson correlation: r (9) ϭ 0.75, p ϭ 0.007; Spearman rank order correlation: r (9) ϭ 0.65, p ϭ 0.03). This rules out the possibility that our findings were solely driven by these four subjects.
The results of the follow-up experiment that examined changes in visual cortex excitability combined with auditory stimulation (probed through phosphene induction by occipital Figure 4 . Percentage of induced phosphenes significantly differed as a function of delay from auditory stimulus onset (one-way ANOVA; main effect, F (9,54) ϭ 3.6; p ϭ 0.001) with maximal values (highest increase in visual cortex excitability) occurring at a delay of 90 ms postauditory stimulus onset. In comparison to baseline (TMS without auditory stimulus), phosphene perception (and, hence, visual cortex excitability) was significantly enhanced by auditory stimulation 75-120 ms before TMS delivery (all t values Ͼ3.045; p Ͻ 0.023), fitting the critical window for TMS-induced auditory-"visual" interactions identified above (Fig. 2) .
TMS) are illustrated in
Finally, the control experiment on reflexive eyeblink responses as a function of four sound intensity levels (65, 75, 85, and 95 dB) revealed that the auditory stimulus intensity used in the main and follow-up experiment (75 dB) was well below the intensity level inducing an acoustic startle response. EMG activity of the orbicularis oculi muscle at baseline (i.e., in the 100 ms before auditory stimulus onset) was on average 319.9 Ϯ 36.2 V ⅐ s. The EMG activity in response to the auditory stimuli was comparable in amplitude to this baseline value across all soundlevels except the loudest one (65 dB, 326.1 Ϯ 40.5 V ⅐ s; 75 dB, 308.2 Ϯ 45.9 V ⅐ s; 85 dB, 353.8 Ϯ 37.7 V ⅐ s; 95 dB, 495.3 Ϯ 74.9 V ⅐ s). The overall ANOVA revealed a main effect of sound intensity (F (4, 20) ϭ 8.9; p ϭ 0.0003), which was explained by a reflexive startle (eyeblink) response to the 95 dB sound (paired t tests against baseline, t ϭ 3.7, p ϭ 0.015) that was absent for the other sound-levels (all p Ͼ 0.57). The 95 dB sound is well above the test level used (75 dB) for which no significant startle response was found.
Discussion
The present study examined the mechanisms of auditory-visual convergence and interactions in visual cortex using single-pulse TMS. Occipital TMS had opposing effects on behavioral responses to visual and auditory stimuli over identical poststimulus time windows. Stimulation of visual cortex by TMS was confirmed by the fact that RTs to visual stimuli were slowed when TMS was applied 60 -75 ms later (Amassian et al., 1989 ). In contrast, RTs to auditory stimuli were facilitated when an identical TMS pulse was applied at the same temporal delays. The magnitude of this facilitation equaled and correlated with the magnitude of the redundant signals effect observed after multisensory stimulation without TMS. We propose that multisensory interactions between the external auditory stimulus and the central (TMS-induced) visual cortex stimulation underlie this facilitation, despite the absence of any external visual stimulus and any centrally induced visual percept (i.e., phosphenes). The timing of this facilitation revealed a short period of increased sensitivity for integration of multisensory inputs. To test the hypothesis that the auditory stimulus enhanced visual cortex excitability, we conducted a follow-up experiment wherein participants more often reported perceiving phosphenes, thought to originate from early visual cortex (V1/V2) (Cowey and Walsh, 2000; Kammer et al., 2005b) , when TMS was preceded 75-120 ms beforehand by auditory stimuli. These collective results support the existence of an early critical period for producing facilitative multisensory interactions and further suggest that auditory and visual inputs are converging within the occipital cortex while nonetheless generating divergent profiles of activity. This is the first study, to our knowledge, of opposing behavioral effects of occipital TMS on responses to visual versus nonvisual sensory inputs. The time window (i.e., 60 -75 ms) of these effects is in line with previous studies revealing visual suppression by occipital TMS (Amassian et al., 1989) , and is traditionally believed to correspond to the peak of the first volley of feedforward input in visual cortex (Martinez et al., 1999) . Although transient disruption of brain function predominates in TMS research, there are also reports of functional improvements (Seyal et al., 1995; Walsh et al., 1998; Hilgetag et al., 2001; Paus, 2002, 2003; Kobayashi et al., 2004; Thut et al., 2005) , similar to the RT facilitation we observed. Several studies further showed that stimulation of a given area can induce opposing (disruptive or facilitative) effects depending on task or behavioral context (Walsh et al., 1998; Paus, 2002, 2003) . The mechanisms invoked to explain beneficial TMS-effects are a disinhibition of unstimulated brain areas whose function are normally suppressed by the TMS target site (Seyal et al., 1995; Walsh et al., 1998) or a neural priming effect caused by TMS before a critical period Paus, 2002, 2003) . Also, it has been shown that qualitatively different TMS effects can result from modulation of the neural activation state via previous experience (Silvanto et al., 2007) . Could these mechanisms explain our data? We can discount disinhibition of auditory areas by occipital TMS because the facilitative effect on auditory stimulus detection should have been strongest when TMS was applied at early delays closer in time to the latency of initial cortical auditory processing (Ͻ Ͻ60ms). This was clearly not the case with our results. We would also argue against a priming effect of occipital TMS on auditory detection, because Percentage of perceived phosphenes caused by occipital TMS as a function of TMS-pulse delay from the brief auditory stimulus. TMS was applied below phosphene threshold (85% PT), latter defined at baseline (BSL; i.e., in the absence of any auditory stimulus). The shaded area represents the window of significantly increased visual cortex excitability by auditory input (i.e., phosphene perception Ͼ BSL; *p Ͻ 0.05; **p Ͻ 0.01).
the TMS pulse was applied after auditory stimulus onset. Our data indicate that rather it was the external stimuli (visual vs auditory) that differentially set (primed) occipital cortex, so that a subsequent TMS pulse inducing a visual "signal" had a differential behavioral outcome depending on the external (visual or auditory) input context, if applied within a narrow time window between 60 -75 ms poststimulus onset. Although "visual" induction by TMS resulted in interference if paired with an external visual input, it resulted in integration and thus facilitation if paired with an external auditory input, probably through multisensory interactions. We can only speculate as to the neurophysiological mechanisms underlying these opposing effects. There is anatomical evidence that the laminar distributions of direct auditory and visual inputs into the occipital pole differ. Whereas the feedforward thalamocortical visual inputs terminate predominantly within layer 4 (cf. Felleman and Van Essen, 1991) , the direct monosynaptic inputs from primary and near-primary auditory cortices into the occipital pole terminate predominantly within superficial layers and are consistent with a functionally modulatory and lateral profile (Rockland and Ojima, 2003) . It is therefore conceivable that the external visual and auditory stimuli evoked different laminar response profiles in visual cortex that may have differentially conditioned the fate of the subsequent TMS-induced "visual" signal (i.e., the way this signal integrates or not into the externally evoked, physiological meaningful pattern of activity). In line with the notion of different response profiles within V1 and opposing effects to auditory and visual stimuli, it has been shown previously that responsiveness of V1/V2 is enhanced to an auditory stimulus when this is presented ϳ60 -70 ms after a multisensory auditoryvisual stimulus (Watkins et al., 2006) and attenuated to a visual stimulus preceded by the same multisensory auditoryvisual event (Meylan and Murray, 2007) .
The present results do not allow us to draw conclusive inferences regarding the origin of auditory inputs to the occipital lobe thought to subserve the present effects. However, it is intriguing that occipital TMS should have such a timelocked impact on auditory RTs. That is, if the auditory input into the occipital lobe was already a highly processed signal, one might expect minimal impact of occipital TMS, presumably because multiple and parallel auditory-driven circuits would already be active and would be initiating RTs independently of events within the occipital pole. However, the robust effects of occipital TMS on auditory RTs and moreover, their correlation with the RT facilitation ordinarily observed under multisensory conditions, would suggest that events within the occipital pole are indeed playing an integral role in generating behaviorally relevant auditory-visual interactions. We therefore favor a model of interactions between relatively unprocessed sensory signals at low-levels of the cortical hierarchy. Direct anatomical connections between primary auditory and visual cortices may be the basis for the observed effects. Several laboratories have now independently identified monosynaptic projections between these cortices in nonhuman primates (Falchier et al., 2002; Rockland and Ojima, 2003; Cappe and Barone, 2005) . Previous support for the functional significance of these pathways has been provided by the observation of short-latency (Ͻ80ms) auditory-evoked responses over occipital sites in patients with late-onset blindness that were linked to auditory-evoked visual sensations (Rao et al., 2007 ).
An alternative viewpoint, which we cannot unequivocally exclude, is that auditory inputs are rerouted via the parietal cortices en route to occipital cortices. Auditory-driven responses have been observed within parietal areas at ϳ50 ms poststimulus onset (Schroeder et al., 2004) . This early response has been suggested to represent highly processed auditory information that is theoretically available at early visual processing stages (Schroeder et al., 2004) . The parietal cortex would thus be a plausible candidate for early, auditory-driven feedback modulation of visual cortex sensitivity (Macaluso and Driver, 2005) .
Finally, it could be argued that our effects might follow from an acoustic startle response to the suprathreshold auditory stimulus, which goes along with widespread cortical activation that is potentially mediated through the ascending reticular activating system (McDowell et al., 2006) . Such an explanation seems unlikely. First, the auditory stimulus duration we used was short and its volume was below the typical threshold required to evoke startle responses (Blumenthal, 1996; Brown et al., 1991; Grillon and Baas, 2003) , confirmed here through our control experiment. Second, although acoustic startle responses may go along with changes in cortical excitability, they would not be expected to be limited to specific latencies coinciding with visual input given that they would likely generalize to other cortical areas. Third, a previous TMS study of tactile influences on TMS-induced phosphene perception showed that the likelihood of perceiving a visual phosphene (induced by subthreshold TMS) is greatest when the tactile pulse precedes occipital TMS by 60ms (Ramos-Estebanez et al., 2007) , matching the peak-latency of increased visual cortex excitability we observed. Notably, their use of subthreshold tactile stimulation, which did not reach perceptual awareness, excluded startle responses as a basis for increased cortical excitability (namely, enhanced phosphene perception).
Although occipital TMS facilitated RT to auditory stimuli and slowed RT to visual stimuli relative to control (vertex) TMS and the baseline (noTMS), there was no such effect on RTs to external multisensory AV stimulation. Intuitively, one might have expected a further enhancement of RTs in the AV condition, as three events co-occurred. However, the data (Fig. 2) support not even a small RT facilitation in the AV condition. Possible reasons are that opposing effects were mutually annihilated under this condition or, alternatively, that performance was already at ceiling levels.
In summary, we provide the first demonstration that multisensory auditory-visual interactions occurring during stages of initial sensory transmission within low-level visual cortices are behaviorally relevant, extending previous evidence for early nonlinear neuronal response interactions (Giard and Peronnet, 1999; Molholm et al., 2002) or multisensory effects within primary visual cortices (Martuzzi et al., 2007) .
